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Project Goals - Hypotheses 
1)  Decadal scale climate change and variability 

alter riparian aquifer recharge through 
mechanisms that depend on the magnitude, 
frequency and seasonality of flooding, and exert 
the greatest change in reaches that receive 
minimal groundwater inflow from the regional 
aquifer. 

2)  Riparian vegetation structure responds non-
linearly as riparian aquifers are dewatered and as 
key hydrologic thresholds for survivorship of plant 
species are exceeded.  

3)  Decadal scale climate variability and change 
alters riparian ecosystem water budgets that in 
turn change vegetation structure and function and 
the ecosystem services provided to society. 
 

Presenter
Presentation Notes
Project focused on three hypotheses-
How might decadal scale climate changes influence surface and groundwater conditions in riparian areas.
How does vegetation depend on hydrologic conditions and in particular thresholds
Integrating the two how might vegetation change with an altered climate
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Precipitation Seasonality has 
important implications for hydrology 
of riparian systems  

60% 

40% 

Presenter
Presentation Notes
The basin and range geologic province of the Southwest US has profound variability in seasonal precipitation patterns across the region.  From west to east winter precipitation as a fraction of total precipitation declines from 90 % in California to just above 20% in West Texas.  This gradient in precipitation seasonality has important implications for the hydrology and biology of riparian systems.  Our research sites in Arizona take advantage of this natural gradient by locating our field sites in systems with 40% winter to 60% winter precipitation of the total annual precipitation.  
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Water availability controls biological conditions  
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Presenter
Presentation Notes
On the left is an explanation of how water availability effects biological conditions in riparian areas.  This figure was developed by Lite and Stromberg to explain their condition class framework that couples hydrologic conditions to biological conditions in semi-arid riparian areas.  At the top is condition class 3 which represents wet conditions with a robust riparian story forest and extensive and diverse herbaceous perennial wetland plants.  Next down is condition class 2 where the stream becomes intermittent for part of the year and the riparian gallery forest of cottonwoods and willows is significantly diminished and much of the herbaceous cover is gone as well.  At the bottom is condition class 1 where consistently losing hydrologic conditions result in a xeric wash type environment with little over story or herbaceous cover.

On the right is a description of the hydrology of this system.  There are 5 main mechanisms of recharge-  Mountain Block recharge is the result of higher rain and snow amounts in the mountains leading to saturated soils that then permit seepage of water into the fractured rock underneath this water eventually enters the basin fill ,  water that flows out of the mountains in streams seeps into the ground at the mountain front through high conductivity alluvial fan deposits,  some additional recharge occurs through ephemeral wash channels.  More recently it has been demonstrated that a significant amount of the water in perennial streams and rivers can originate as flood driven recharge.
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•  Isotopes of water – natural tracer of source 
•  Riparian wells span range between end members 
•  Roughly 50% of San Pedro river water is flood recharge 
•  Mountain system recharge has very long travel times 
•  Flood recharge is much more variable (susceptible) 

Riparian Water Sources 

Basin 
Groundwater 

Recharge during 
monsoon runoff 

Baillie et al., 2007 JGR 

Presenter
Presentation Notes
This slide shows the isotopic evidence for flood driven recharge being a significant component of water in the San Pedro river.  The basin groundwater recharged largely from mountain sources has water isotope values significantly more negative than monsoon runoff.  As can be seen groundwater from riparian wells near the San Pedro and stream water samples  some reaches of the river are more similar to the monsoon runoff isotopic composition than the groundwater composition.   For the San Pedro river as a whole this result means that roughly 50% of the water observed in the river is from the flood recharge source.  This quantification significantly altered our view of semi-arid river hydrology and in particular highlights the susceptibility of these systems to climate change at the decadal scale since the flood driven source is considerably more variable than the mountain system recharge sources.  Mountain system recharge can take centuries to millennia to effect a river while flood driven recharge has an immediate effect.  Additionally mountain system rechareg is responsive predominantly to winter precipitation while the flood driven recharge is largely dependent on summer floods
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Study site: Upper San Pedro Basin, AZ 

0 40 80 120 16020
Kilometers

The Upper San Pedro basin is about 4500 km2 with mean 
annual precipitation of 41 cm. Historically, July through 
September are the wettest months. http://abell.as.arizona.edu/~hill/4x4/espiritu/ 

Presenter
Presentation Notes
Shifting to the San Pedro we developed a flood recharge model to be used with groundwater models and approaches to seasonalize and dowsnacle GCM predictions to estimate changes in Mountain system recharge.
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Flood recharge model simulates gaining and 
loosing reaches 

Gradient 
driven 
exchange 

Presenter
Presentation Notes
The Flood recharge model essentially simulated the river as a series of gradient based exchanges between the river and the groundwater system.  The river was subdivided based on previous work describing the gaining and losing reaches of the river.  
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Flood recharge model reproduced 
earlier results for 10 yr. sim. period 

Presenter
Presentation Notes
The flood recharge model was capable of describing the relative importance of flood dirven recharge on each river reach segment of the San Pedro.  Stars represent fraction of flood water described by Baillie et al 2007 while box and whisker represent model results over a 10 year simulation period.
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 Comparison between hydrologically  &   
isotopically scaled recharge (MSR) 

Winter 

Summer 

Incorporating ET values enhanced 
MSR predictions especially for 
summer season. 

Annual Recharge - Empirical 

Normalized Seasonal Wetness 
Index -  to Seasonalize 

Presenter
Presentation Notes
Commonly empirical relationships (upper right) between annual precipitation and recharge are used to develop estimates of groundwater recharge. Since we know that the season of precipitation is important to the mechanisms underlying actual recharge and preliminary climate change forecasts indicate that winter and summer precipitation may move in different directions since the underlying climate conditions for each are very different (winter precip. in the southwest depends on the location of the jet stream, while summer precipitation depends on the strength of the North American Monsoon).  In our project we developed a simple water balance equation (the NSWI) that was successful in reproducing the behavior of summer and winter recharge that was shown using isotopic separation of the two source of recharge.
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Methods:  
Surface flow monitored 
monthly for presence/ 
absence at ephemeral 
to perennial sites at 
multiple rivers;  
Vegetation sampled 
along active channel.  

Threshold #1: Flow permanence and  
decline of hydric herbaceous plants  

Problem statement: The regional uniformity of the  
response of riparian vegetation to declines in stream  
flow permanence is unknown. 

Presenter
Presentation Notes
Upper start of perennial flow 1 km farther down than during 2005 wet time
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Results:  
Wetland 
perennial 
herbaceous 
plants show 
consistent  
pattern of 
sharp decline 
in abundance 
as stream flow  
becomes non-
perennial 

Conclusion: Abundance of a key stream community  
type (riverine marshland) will decline with increasing aridity 
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Hassayampa River, 
Morristown Gage
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Problem statement: Temporal and spatial response 
of streamside vegetation to fluctuations in stream 
flow poorly known. 

Stromberg JC, AF Hazelton, MS White, JM White, RA Fischer. 2009 (expected). 
Ephemeral wetlands along a spatially intermittent river: Temporal patterns of vegetation 
development.  
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Methods: Multi-
year field 
monitoring of 
vegetation (and 
soil seed banks) 
at ephemeral, 
intermittent, and 
perennial sites 
through wet-dry 
period. 
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Results: In 
years with wet 
winters, flood 
runoff sustains 
flows at 
ephemeral 
sites, 
allowing for 
development of  
“ephemeral 
wetlands”  

The “spider" charts show numbers of hydric, mesic, and 
xeric plant species present only at a perennial site, only 
at an ephemeral site, or at both hydrologic site types, 
during different years.  
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Variability in water availability over time 
drives variability in biotic diversity 

Presenter
Presentation Notes
While surveys of species per plot show that wetter reach locations are generally more diverse repeat surveys over multiple years and multiple locations show that cumulative biotic diversity is higher at locations with intermittent flow.  A result that indicates the variability in water availability over time drives the variability in biotic diversity in these intermittent systems.
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Density and diversity of 
wetland species in soil seed 
banks of ephemeral reach 
decline with distance 
downstream from a perennial 
reach 

Soil seed banks provide 
resilience, allow distinct 
plant communities to 
develop in years with 
varying flow conditions.  
 

Diversity of seed banks 
influenced by proximity to 
perennial reach.  

Conclusion: Spatial 
distribution of wet and dry 
reaches influences 
vegetation response to  
stream flow changes.  
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Citizen Wet Dry Mapping 

Cooperative effort of Upper San Pedro Partnership and UA-Project NEMO 

Annual TNC volunteer effort to Map Wet and Dry reaches 
of San Pedro  
3rd Saturday of June – reliably driest day of the year 

Palominas Charleston Tombstone 

Presenter
Presentation Notes
The nature conservancy in cooperation with the BLM conduct annual wet dry surveys on the San Pedro River.  These surveys occur on the third Saturday in June each year.  This day is reliably the driest day of the year.  These surveys are staffed largely by volunteers.  The map at left shows the results of one such survey in 1999.  The graph on the right  shows each river location with several stream gauging sites identified.  As can be seen some locations are consistently wet while others are consistently dry with a large number of sites varying between the two as wet reaches expand an contract with flow conditions.  
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Presenter
Presentation Notes
The length of wet river reach within the 80km domain follow a power law relationship (bottom right)  that implies a specific spatial scaling rule for the pattern of wet and dry stream lengths.  (upper left shows what pattern would be if location of wet and dry reaches was completely random and show an exponential relationship).   Power law relationships such as this are common in natural environments.  Given the dependence of biotic diversity on the presence or absence of perennial flow conditions these spatial patterns have particular implications on how to predict a river will dry out or wet up under alternative climatic conditions and thus on what the ultimate effect of changes in hydrology will be on the biology of the system.  The overall length of river that is wet or dry does depend on hydrologic conditions (upper right) interestingly though the greatest temporal correlation is at a temporal lag of 90 days indicate that conditions on the day of the survey are less important than mean hydrologic conditions of the system (likely representing some dependence on groundwater conditions).    On the bottom right are initial attempts to develop a logistic regression approach to predicting which locations are wet and dry based on static properties of the landscape (drainage area, concavity, sinuosity etc.) and location as well as climatic factors such as flow prior to survey, precipitation, temperature and  so on.  Attempts so far appear to capture the power law relationship.  
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Thresholds #2: Groundwater depth and decline  
of woody riparian plants   

Problem statement: Regional uniformity of riparian   
vegetation response to declines in water table is unknown. 

Methods: Monitoring wells 
monitored at multiple sites, 
multiple rivers; woody 
vegetation sampled for 
abundance and composition.  

Results:  
Woody species, 
grouped by 
strategy type, 
show similar  
trends among 
rivers.  
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Santa Cruz River       
Tucson  1942 

1989 

San Pedro River  
US-Mexico border 1930 

2000 

Legacies from the past shape the present 
(Upper San Pedro is not dammed or diverted) 

Slide provided by Julie Stromberg 

Presenter
Presentation Notes
Unlike most other lowland rivers in the region, the Upper San Pedro is not dammed or diverted, and retains extensive reaches with perennial flow, fed by groundwater and supports a multi-layered gallery forest of Populus (cottonwood) and willow (Salix) within an otherwise desert scrub landscape. 



24 

Wet Dry Scenarios run through  
model identifies perennial reaches 
San Pedro Charleston 

Monsoon Period 
Dry Wet 

1962 1937 
1968 1939 
1973 1940 
1978 1954 
1979 1955 
1980 1958 
1989 1964 
1991 1971 
1993 1984 
1994 2006 
1995   
1997   
1998   
2002   
2003   

Presenter
Presentation Notes
Some simple scenarios have been run using the model of stream aquifer interaction discussed earlier.  In these dry scenarios the river maintains flow at some locations perrennially a wet scenario does end up in significant increases in flow throughout the river.
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Problem statement: Recruitment response of riparian 
tree species to interactions between depth to water 
table and flood patterns not yet quantified. 
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Results: Modeled 
densities vary among 
San Pedro  
River sites with 
different stream 
hydrology and among 
years with different 
flow conditions. 

Methods: Modeling approach being used to estimate 
potential seedling densities of riparian tree  
species (Mark Dixon, Univ. South Dakota). 
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Problem statement: Effects on riparian 
vegetation of interactions between 
groundwater and flooding poorly 
known. 
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Stromberg JC, SJ Lite, MD Dixon. In press. Effects of stream flow  
patterns on riparian vegetation of a semiarid river: Implications  
for a changing climate. River Research and Applications  

Methods: As a general guide for 
extrapolating how riparian vegetation 
on the San Pedro River may respond to 
changes in floods and drought, we  
contrasted vegetation traits between 
sites classified as ‘wet’ vs. ‘dry’ and 
‘high’ vs. ‘low’ flood intensity. Low-flow 
and high-flow conditions varied 
independently among sites. 
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Problem statement: Legacies of past extreme flood 
events may be shaping current vegetation trajectories 
and response to climate change.  

Climate extremes + land use extremes 

“It was probably during the 1896 flood that a 
channel almost 244 m wide and 6 m deep 
developed…” (Hereford and Betancourt 2009). 

Historic entrenchment 
of San Pedro River 

Methods: Aerial photographs of the Upper San Pedro River  
from 1935, 1955, 1978 and 2003 analyzed to assess temporal 
and spatial trends in vegetation cover type abundance.  
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Status in 2003 

Populus 
Salix 

Shrub./
wood. 

Grass- 
land 

Bare 
ground 

Farm 
+urban 

Status in 1955 

  Populus/Salix 15% 3% 7% 9% 0% 

  Shrub./wood. 10% 46% 4% 23% 0% 

  Grassland 19% 22% 41% 18% 0% 

  Bare ground 56% 29% 48% 50% 0% 

  Farm + urban 0% 0% 0% 0% 0% 

Sum 100% 100% 100% 100% 100% 

Most 
Populus/Salix 
points mapped 
in 2003  
arose from bare 
ground (as 
mapped in 1955) 

Results: As a 
legacy of past 
extreme 
disturbance, 
pioneer woody 
vegetation has 
been expanding 
over past ½ 
century. 
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Flow % = percent of reach with perennial flow in 2007/2008, based on data from TNC 

Conclusion:  
 
Riparian forest 
patterns are a 
product of 
interactions 
between recent 
climatic cycles and 
land and water use 
and past extreme 
events that set in 
motion trajectories 
of change.  

As the pioneer forests expanded in the post-entrenchment 
floodplain, water availability shaped species composition.  
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Future and ongoing work: 

1) Now finishing completion of groundwater model 
2) With NSf funding working with Francina 

Dominguez on dynamically downscaled cliamte 
scenarios. 

3) Scenarios will be fed into surface water model of 
system (Enrique Vivoni ASU) 

4) Impacts on groundwater, geomorphology and 
biology will be simulated 

5) Ultimately to understand Effect on Ecosystem 
Services with Brookshire et al on marginal value 
of ecosystem services with changes in hydrologic 
conditions. 
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Threshold Impacts of Water Extraction 
on Riparian System Ecosystem Services 

Hypothesis: Restored systems will not reach 
the previous level of services provided 

Presenter
Presentation Notes
Graph illustrates current paradigm of how ecosystem services in semi-arid riparian systems varies with hydrologic conditions.  As water is extracted from a riparian system ecosystem services (e.g. birds, vegetation, erosion prevention) may not change much and thus the value of services derived by society may not change much either.   However at some point a threshold might be reached (e.g. stream dries up)  or a gradual change (tree die off with increasing depth to groundwater) might occur.  Conversely as a system is rewetted a different hysteretic trajectory might be followed.  Additionally we hypothesize that a restored system will not reach the previously high level of servcies provided by an intact riparian system.
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Email questions to tmeixner@hwr.arizona.edu 
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